ABSTRACT This paper presents a substrate integrated waveguide Butler matrix with a modified hybrid coupler, operating from 28 to 32 GHz. The modified hybrid coupler is realized by using 90 • hybrid coupler followed by a −45 • compensating phase shifter. Thus, 45 • /135 • output phase differences can be obtained using this type of coupler. Compared with the equal-length unequal-width phase shifter, the compensating phase shifter exhibits better phase characteristics, with only 3 • phase error over 28-32 GHz. Because the phase of compensating phase shifter is not realized by taking the phase introduced by the crossover as a reference, it gives great flexibility to the design of compensating phase shifter. Adopting the modified hybrid coupler, the designed Butler matrix features the output phases with peak to peak error of 13 • and wideband performance from 28 to 32 GHz. The slot array fed by the Butler matrix can radiate four slanted beams with acceptable measured gains, in the range of 9.7∼12 dBi for port 1 excitation and 8.4∼11.1 dBi for port 2 excitation. The radiated beams can reach a wide azimuthal coverage between ±61 • .
I. INTRODUCTION
Multibeam antenna arrays with passive beamforming networks (BFN) [1] - [7] are potential candidates for 5G millimetre-wave (mmWave) wireless communications. This is because of their simple structure, low cost and low power dissipation. As a practical BFN, the Butler matrix with simple configuration and wide bandwidth has been usually chosen as multibeam feeding network. A number of studies on Butler matrix have been carried out [5] , [8] - [11] , such as the minimization of Butler matrix in [8] and [9] and two-dimensional beam scanning to obtain wider coverage area in [5] and [10] .
Essentially, a Butler matrix [2] , [12] is a device that can provide power dividing and required output phase shifting. It usually consists of hybrid couplers, phase shifters and crossovers, as shown in Fig. 1 . As different input ports are excited, four output signals will be produced with uniform amplitudes and adjacent output ports will exhibit uniform phase differences. The output phase differences varying with input ports are tabulated in Table I . Antenna arrays fed by Butler matrix are capable of radiating four beams in various directions. In conventional Butler matrix, the phase of 135 • phase shifter is realized by taking the phase introduced by the crossover [6] . However, once it is designed, the phase of crossover is fixed, which will restrict the design flexibility of 135 • phase shifter. Consequently, to design a phase shifter with good performance is usually difficult and intricate. To address these issues and facilitate the designs, one method that is considered to be practical and helpful has been reported in [2] and [13] . They all omit the design of crossover and have advantages of simpler architecture and better phase balance compared with the traditional Butler matrix. However, the disadvantage is that they occupy a larger area. Furthermore, the feedings of these structures are distributed across two different locations. In some cases such as mobile terminals, it is better to arrange the feeding ports to one side and antenna array to the clearance area [14] . Therefore, in this regard, this structure is not applicable to these scenarios.
Given the above-mentioned issues, a SIW Butler matrix with modified hybrid coupler is proposed. For this structure, the 135 • phase shifter is incorporated into the design of hybrid coupler. Therefore, the original 135 • phase shifting can be accomplished by this modified hybrid coupler. Since the phase of 135 • phase shifter does not take the crossover as a reference, it is obvious that the overall design will be more agile and efficient. Similar SIW directional couplers with 180 • output phase difference are reported in [15] and [16] , which are realized by combining the hybrid coupler with a 90 • phase shifter. This paper is organized as follows. The detailed design theory and considerations are presented in Section II. The design procedures of Butler matrix are illustrated in Section III. Section IV discusses the slot array antenna design, physical fabrication and measured results of the multibeam array. At last, the concluding remarks are given in Section V.
II. THEORY AND DESIGN
The topology of the proposed Butler matrix is shown in Fig. 2 . In this structure, two types of hybrid coupler are included. To facilitate the analysis, they are temporarily referred to as type I and type II hybrid coupler. The output phase differences of type I hybrid coupler are assumed to be ϕ 23 when port 1 is fed, and ϕ 32 when port 4 is fed. In addition, ϕ 23 is characterized by Ang(S 21 ) − Ang(S 31 ), and ϕ 32 by Ang(S 34 ) − Ang(S 24 ). Similarly, for type II hybrid coupler, its output phase differences are assumed to be θ 23 when port 1 is fed andθ 32 when port 4 is fed. θ 23 is characterized by Ang(S 21 ) − Ang(S 31 ) and θ 32 by Ang(S 34 ) − Ang(S 24 ). They can be figuratively seen in Fig. 3 . To illuminate the signal meandering paths when port 1 and port 2 are fed, significant locations are labelled with capital letters, shown in Fig. 4 . With port 1 excitation, the wave meandering to port 5 ∼ 8 follows the paths:
Each meandering travels through two hybrid couplers.
Because the 135 • phase shifter is incorporated into the hybrid coupler, the phase differences between two adjacent output ports completely originate from the output phase differences of two types of hybrid couplers. Therefore, for wave meandering to port 5 and port 6, the output phase differences can be obtained from the phase difference between path AD and AC (namely − ϕ 23 ) and phase difference between path FI and EG (namely 0 • ), so the total output phase difference between port 6 and port 5 can be described as −ϕ 23 + 0 = −ϕ 23 . In the same manner, the output phase differences between port 7 and port 6, port 8 and port 7 equal ϕ 23 − θ 23 and −ϕ 23 , respectively. From Table I we can learn that the phase differences of two adjacent output ports are −45 • for port 1 excitation. Hence, the above relationships can be expressed by the following equations
In comparison, for port 2 excitation, wave travelling to port 5 ∼ 8 follows the path: After solving this set of equations, we can obtain
It can be learnt from the calculated results that for type I hybrid coupler, 45 • and 135 • output phase differences are required when port 1 and port 4 are excited, respectively. While for type II hybrid coupler, based on the previous assumptions, it has equal output phase differences compared with 90 • hybrid coupler. Hence, the type II modified hybrid coupler is actually a 90 • hybrid coupler. For this reason, hereafter we refer the type I hybrid coupler as modified hybrid coupler and type II hybrid coupler as 90 • hybrid coupler. Considering port 3 and port 4 excitations, the modified hybrid couplers near port 3 and port 4, shown in Fig. 4 , must be mirrored with the modified hybrid coupler that neighbours port 1 and port 2. While for the two 90 • hybrid couplers, they should be arranged in the same manner.
III. DESIGN PROCEDURE
From the previous discussions in Section II, two types of hybrid couplers are indispensable in design of the proposed Butler matrix: modified hybrid coupler and 90 • hybrid coupler. The 90 • hybrid coupler can be easily obtained and several implementations have been published in the literatures [17] and [18] . The modified hybrid coupler can be realized by 90 • hybrid coupler cascaded with −45 • phase to obtain 45 • and 135 • output phase differences at the same time. For each component, Rogers Duroid 5880 substrate with thickness of 0.508 mm, loss tangent of 0.0009 and relative dielectric permittivity of 2.2 is used. All the related components are implemented and optimized by applying the full-wave FEM simulation package, Ansoft HFSS ver. 15.
A. 90 • HYBRID COUPLER
The topology of 90 • hybrid coupler is shown in Fig. 5 . Practically, SIW can be equivalent to the dielectricfilled rectangular waveguide as they have shown similar TE 10 -like mode dispersion. In SIW structure, the narrowwalls are replaced by periodical metalized vias (0.4 mm diameter and 0.8 mm spacing in our design). For 90 • hybrid coupler, the required power splitting ratio and output phase difference can be achieved by adjusting the length and width of the coupling section. The dimension values of the structure are a = 5 mm, ld = 4 mm and lc = 6.4 mm. The performance of the 90 • SIW hybrid coupler is given in Fig. 7 . For port 1 excitation, the bandwidth of the 90 • SIW hybrid coupler is larger than 13.3% for S 11 < −20 dB. S 41 is less than −20 dB over the whole operating band. Additionally, S 21 and S 31 are centred at −2.9 dB with a dispersion of ±0.2 dB, which means that the −3 dB power dividing between port 2 and port 3 is obtained approximately in the whole band. The simulated output phase difference is characterized by Ang(S 21 ) − Ang(S 31 ). The phase dispersion of 90 • SIW hybrid coupler varies from 89.8 • to 90.5 • over the whole band. The simulated output phase difference agrees well with the ideal value. For port 4 excitation, the output phase difference is characterized by Ang(S 34 ) − Ang(S 24 ). Because of its symmetrical structure, the output phase difference of 90 • SIW hybrid coupler is 90 • , either port 1 or port 4 is fed. The crossover can be formed with two cascaded hybrid couplers and it has been validated by many designs [19] . Generally, a well-designed hybrid coupler will have good crossover performance.
B. MODIFIED HYBRID COUPLER
According to previous analyses, the modified hybrid coupler can be realized by 90 • SIW hybrid coupler and −45 • phase shifter. Since the 90 • SIW hybrid coupler has been designed, the following steps are aimed to design a −45 • phase shifter with good performance.
A SIW structure has different propagation constant with different SIW width. Generally, a wider SIW results in a larger propagation constant. However, as we know, the propagation constant grows in inverse proportion to the phase velocity which implies SIW width is inversely proportional to phase velocity as well. Thus, the equal length can obtain different phase shifting by varying the SIW width. This type of phase shifter is referred to as equal-length unequal width phase shifter, shown in Fig. 6(a) . For SIW structure, the propagation constant is dispersive and varies with frequency f . It can be written as (f : GHz, w: mm) [20] 
where w is SIW width and ε r is relative permittivity of the substrate. The phase shift ϕ(f ) is defined by
In (7), l is the wave travelling distance in SIW. For equallength unequal-width phase shifter, its phase shift ϕ(f ) can be characterized by Ang(S 21 ) − Ang(S 43 ). Therefore, ϕ(f ) can be rewritten as Another approach mostly used in phase shifter design is the delay line. Here, the compensating phase shifter combines the characteristics of equal-length unequal-width phase shifter with a delay line, shown in Fig. 6(b) . The phase shift at the centre frequency f 0 can be expressed with the following formula where in β 1 , w equals a−wp 2 ; in β 2 , w is the same as a+wp 2 , and in β 3 , w equals a. For comparison, the phase characteristic and reflection coefficients of equal-length unequalwidth phase shifter and compensating phase shifter are given in Fig. 9 and Fig. 10 . As shown in Fig. 9 , the phase error of equal-length unequal-width phase shifter is within 12 • in the whole band. While for the compensating phase shifter, the phase error is only within 3 • over the band. The compensating phase shifter provides better phase performance in the operating bandwidth. Hence, it will be adopted in the following design of the modified hybrid coupler. The values of a, lp 1 , wp 1 , wp 2 , lp g are 5 mm, 8.8 mm, 0.34 mm, 0.12 mm and 0.8 mm, respectively. Fig. 11 shows the phase shift of the compensating phase shifter versus wp 2 and lp g at 30 GHz. It can be learnt that the larger wp 2 and lp g will lead to a larger phase delay. modified hybrid phase shifter, shown in Fig. 12 . For port 1 or port 4 excitation, as shown in Fig. 13 , the ±0.2dB power equality bandwidth is 9.3%, from 29.2 GHz to 32 GHz. The return loss (−S 11 and −S 44 ) is better than 18.8 dB and isolation is above 18.9 dB in the whole band. Fig. 14 represents the relative output phase differences of the modified hybrid coupler. As shown in this figure, the phase differences are 135 • ± 1.8 • and 45 • ± 1.8 • in the whole band. Thus, the −45 • compensating phase shifter keeps the good performance of hybrid coupler and the design purpose of the modified hybrid coupler with both 45 • and 135 • output phase differences is reached. 
C. CASCADED SIMULATION
The geometry of the proposed Butler matrix is shown in Fig. 15 (a) . Fig. 15 (b)−(d) presents the simulated magnitude of S-parameters and output phase differences, respectively. For port 1 and port 2 excitation, coupling to the output ports is well equalized at −6.3 dB with 1.2 dB dispersion across the entire operating bandwidth of interest from 28 GHz to 32 GHz. Actually, the 0.3 dB loss is related to the loss tangent of 0.0009 given by the manufacturer. The reflection coefficient at port 1 and port 2, and the coupling level of the two ports to the other input ports are almost better than 
IV. ANTENNA ARRAY AND MEASUREMENTS
For its excellent polarization purity and low profile, slot antenna arrays have been widely used in mmWave applications. The detailed geometry of slot element is shown in Fig. 16(a) . The element spacing is 4.95 mm (0.495λ 0 @30 GHz) and each branch consists of two identical and staggered slot elements. The slot length and its offset from the centre line are l = 4.08 mm and oft = 0.32 mm, respectively. To validate the design, the whole geometry, also including the transitions and extended SIWs, is illustrated in Fig. 16(b) . The whole circuit was implemented on Rogers 5880 dielectric substrate, as shown in Fig. 17 . The measurements of S-parameters, radiation patterns and gain were accomplished using Agilent E8363B Vector Network Analyzer, and a far-field anechoic chamber system. Except for the port under test, the other ports are terminated with 50 broadband matching loads through 2.40 mm end launch connectors. The overall dimension of this prototype is 110.28 × 42.5 mm 2 .
A. RETURN LOSS AND ISOLATION
The return losses and coupling coefficients between two input ports were measured over 28 GHz to 32 GHz. The measured return loss of port 1 is better than 10 dB over whole bandwidth except the range 28.7 GHz to 29 GHz, shown in Fig. 18 . For port 2, return loss greater than 10 dB is able to cover the entire bandwidth, even though the simulated return loss is less than 10 dB in the range from 28.5 GHz to 28.8 GHz. The difference is caused by the dielectric loss which underestimated the loss factor in simulation. Additionally, it can be noted that the coupling coefficient between port 1 and port 4 is greater than −10 dB at some frequencies, shown in Fig. 19 . In the higher frequency range, the coupling between port 2 and port 3 is greater than −10 dB, too. These phenomena can be attributed to the considerable mutual couplings between the adjacent branches of slot element and part of them (mutual couplings) flowing back to the input ports. For the identical polarization of each slot element and very close distance (0.5λ 0 @ 30 GHz) between two branches, it is quite difficult to decrease the mutual coupling in such a slot array. The use of EBG structure can be considered to address this problem.
B. RADIATION PATTERN AND GAIN
The radiation patterns were tested at different frequencies. The four beams can realize a wide azimuthal coverage between ±61 • . The shape and pointing angle of each radiation beam can be maintained over 29. The maximum side lobe level is −8.5 dB which is higher than the optimum −13 dB in theory. It is primarily caused by the sizable ground plane of Butler matrix itself. Fig. 21 represents the simulated and measured gain of the antenna array when ports 1 ∼ 2 are excited, respectively. The gain of the other ports should be similar because of the symmetrical geometry of the design. The measured frequencies were 28 GHz, 29 GHz, 29.5 GHz, 29.8 GHz, 30 GHz, 30.2 GHz, 30.5 GHz, 30.8 GHz, 31 GHz and 32 GHz. Excited at port 1, the measured gain is in the range of 9.7 ∼ 12 dBi. The maximum gain is measured to be 12 dBi at 30 GHz while the minimum is 9.7 dBi at 29 GHz. However, the measured gains are less than the simulated counterparts by an average of 2 dB, which may be caused by the additional insertion loss of the extended SIWs and the Butler matrix. For port 2 excitation, similar results can be obtained, shown in Fig. 21 .
V. CONCLUSION
In this paper, a Butler matrix with modified hybrid coupler has been studied. The modified hybrid coupler is capable of outputting 45 • /135 • phase differences and exhibits excellent performance with wideband and flat phase balance, 135 • ± 1.8 • and 45 • ± 1.8 • in the whole operating band. This type of coupler dramatically facilitates the design flexibility of Butler matrix. Phase dispersions of the designed Butler matrix are with peak to peak error of 13 • . The slot array fed by the designed Butler matrix can radiate four slanted beams with acceptable measured gain, in the range of 9.7 ∼ 12 dBi for port 1 excitation and 8.4 ∼ 11.1 dBi for port 2 excitation. The four beams can reach a wide azimuthal coverage between ±61 • . With advantages of more flexibility in design, simple structure and good radiating performance, the Butler matrix with modified hybrid coupler would be an attractive candidate in 5G mmWave communications. 
